We discuss a simple extension of the Standard Model (SM) that provides an explicit realization of the dark-matter (DM) neutrino-portal paradigm. The dark sector is composed of a scalar Φ and a Dirac fermion Ψ, with the latter assumed to be lighter than the former. These particles interact with the SM through the exchange of a set of heavy Dirac fermion mediators that are neutral under all local SM symmetries, and also under the dark-sector symmetry that stabilizes the Ψ against decay. We show that this model can accommodate all experimental and observational constraints provided the DM mass is below ∼ 35 GeV or is in a resonant region of the Higgs or Z boson. We also show that if the dark scalar and dark fermion are almost degenerate in mass, heavier DM fermions are not excluded. We note that in this scenario DM annihilation in the cores of astrophysical objects and the galactic halo produces a monochromatic neutrino beam of energy m Ψ , which provides a clear signature for this paradigm. Other experimental signatures are also discussed.
Introduction
Dark matter (DM) presents one of the most interesting aspects of physics beyond the Standard Model (SM). The most compelling DM paradigm assumes that it consists of one or more particles with very weak couplings to the SM [1, 2] , and having the correct abundance to explain the CMB observations [3] . This hypothesis has been probed extensively using direct [4] [5] [6] and indirect detection [7] [8] [9] [10] [11] [12] experiments, and in collider processes [13] [14] [15] [16] . To date, no evidence of DM effects in any of these experiments has been confirmed. 1 The above paradigm has given rise to a large number of publications proposing specific models of DM-SM interactions [18] [19] [20] , as well as phenomenological descriptions of these interactions based on the effective Lagrangian approach (see, for example, [15, [21] [22] [23] [24] ). In particular, reference [25] describes a possible scenario that ensures naturally small direct and indirect detection signals, without compromising the relic abundance inferred from CMB experiments. This scenario is based on the assumption that interactions between the dark and SM sectors are mediated by one or more Dirac fermions F, assumed neutral under all dark and SM symmetries, except fermion number. In addition, the dark sector is assumed to contain (at least) one fermion Ψ and one scalar Φ that have the same (non trivial) transformations under a symmetry group G DM , whose nature we will not need to specify; we only assume that all SM particles are singlets under G DM , which ensures that the lightest dark-sector particle will be stable and so serve as a DM candidate.
The general considerations in [25] , however, do not necessarily demonstrate the full phenomenological viability of this scenario since there might be additional effects of the F that are not associated with the dark sector, and which may set further constraints. In this paper we will construct the simplest specific model that realizes such a scenario and investigate the implications of existing and projected experimental restrictions on the model parameters. We show that despite the high precision constraints available, there are significant regions of parameter space that are still allowed. We will also show that the model has a distinctive identifying feature: the presence of a monochromatic neutrino signal generated by DM annihilation in astrophysical objects.
Effective theory considerations
The main motivation for the scenario described above comes from the observation that a dark sector that contains scalars Φ and fermions Ψ allows for the presence of an effective interaction with the SM of the form
where and φ denote, respectively, the isodoublets for a left-handed SM lepton and SM scalar (φ = iσ 2 φ * ); this dimension-5 operator can be generated at tree-level by the exchange of a fermion F. To understand the implications of the coupling (1) note that in the unitary gauge O (5) = (Ψν L Φ)(v+H)/ √ 2, where ν L and H denote a SM left-handed neutrino and the Higgs field, respectively, and v 246 GeV is the electroweak scale. Within the F-mediated paradigm this operator describes the strongest interactions between the SM and the dark sector, which always involve a neutrino: this is a neutrino portal scenario (neutrino portals have been studied in related contexts for example in [26] ). The presence of a Ψ-Φ-ν coupling also implies that the heaviest of the dark particles will promptly decay into the lightest, so there will be a single DM relic despite having a dark sector with two (or more) particles.
In addition to the above F-induced coupling, the presence of dark scalars allows for the usual Higgs portal coupling |Φ| 2 |φ| 2 . If the dark fermion is heavier than the dark scalar, m Ψ > m Φ , then Φ constitutes the DM relic and the physics of the model is dominated by the effects of the Higgs portal coupling, which has been extensively studied in the literature [27] [28] [29] [30] [31] [32] . In contrast, if m Ψ < m Φ , the Higgs portal coupling is secondary to (1) and the phenomenology is completely different; for example, the leading interactions relevant for direct detection are produced by the dimension 6 effective operators
that are generated at one loop 2 by the F. This will be discussed in full detail below.
The fact that the F create interactions (1) at tree-level and (2) at one loop is what allows for the required relic abundance to be obtained within the constraints of direct and indirect detection experiments, without fine-tuning. However, there will be additional restrictions: the F can also mix with the neutrinos and so generate deviations within the SM of processes such as W and Z decays involving the ν L , as well as certain W -mediated processes such as meson decay. As noted previously, these constraints must be studied in the context of a specific model, since only then we can obtain the relations between the effective interactions such as (1,2) with those involving the vector bosons, such as ν L / Zν L , and so determine the viability of the scenario.
The model
In this section we describe the details of the specific model we consider. We take the simplest case where the dark sector contains one scalar Φ and one fermion field Ψ, transforming under a global symmetry under which all SM fields are singlets. 3 We will assume that m Φ > m Ψ , so that the fermion is stable. In addition we assume that the only interaction between the dark fields and the SM is through the exchange of three Dirac fermions F, neutral under the dark and the SM symmetries. Finally, we require that lepton number be conserved (except for possible instanton effects).
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The Lagrangian of the model is:
Current-current operators involving quarks or right-handed leptons are only generated at ≥ 2 loops. 3 This represents the simplest possibility realizing our scenario; the model can be easily generalized to include additional scalars and fermions, and possible gauge symmetries. 4 The effects of a small Majorana mass for the F will be briefly discussed below.
where i and e R i denote, respectively, the left-handed SM lepton isodoublets and righthanded isosinglets (i = 1, 2, 3 is a family index); φ is the SM scalar isodoublet; Ψ and Φ are the dark fermion and scalar fields; and F i are the (Dirac) neutral fermion mediators. M is the 3 × 3 Hermitian mass matrix for the F, while the Yukawa couplings Y (e) , Y (ν) are general 3 × 3 complex matrices.
The theory has three conserved quantities associated with the lepton sector: lepton number L, 'dark' number D, and (global) hypercharge Y . The corresponding charges are:
The Lagrangian (3) contains 54 parameters, but we also have the freedom to make U (3) (family) rotations for the e R , , F and U (1) for φ, Φ, Ψ, with 3 of these transformations corresponding to the L, D and Y transformations. There remain 27 physical parameters [33] that we choose as follows. We use the U (3) rotation freedom for F to diagonalize M and make z real. Then we use the U (3) rotation freedom for and e R so that m e = (v/ √ 2)Y (e) , the charged-lepton mass matrix, is diagonal and positive. There remains a U (1)
3 freedom that we use to eliminate 3 phases in Y (ν) , that we use together with the standard polar decomposition to write
where V will correspond to the Pontecorvo-Maki-Nagakawa-Sakata (PMNS) matrix, η is a positive diagonal matrix, and U ∈ SU (3).
Finally, we replace F and ν by the fields N and n L which diagonalize the mass matrix:
where
with the unitary matrices U L,R are chosen such that
In this basis the n L are massless left-handed fermions that correspond to the SM neutrinos, and (N L , N R ) form a set of Dirac fermions with mass matrix M N . The interaction terms then become:
The number of physical parameters is 3 for m e , M, z and η each, plus 1 for m Ψ , m Φ , λ x each, plus 4 for V and 8 for U , for a total of 27.
A mass terms for the n L can be generated by adding to (3) a small Majorana mass term for the F:
where C is the usual charge-conjugation matrix. Assuming M is small we see immediately from (6) that this term generates a Majorana mass for the n:
which has the typical inverse-seesaw [34] [35] [36] form. The matrix M can then be adjusted to meet the experimental constraints on the neutrino masses and mixing angles. We will not further investigate this aspect of the model since it is not relevant for the discussion of the DM phenomenology, which is the main objective of this paper.
Non-standard interactions
The presence of the F modifies the couplings of the charged and light neutral leptons to the SM bosons, as well as couplings involving the heavy neutral leptons N :
No flavor changing neutral currents coupled to the Z boson are induced since C is diagonal (cf. Eq. 7); however, the couplings are no longer universal since the elements of C are not necessarily all equal. Note also from the definition that each element of C is positive and smaller than one.
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• W couplings:
Note that in addition to the usual unitary mixings generated by the PMNS matrix V , these couplings also involve the non-universal C factors.
• Yukawa couplings:
If m H is greater than the mass of any of the N , there is a contribution to the Higgs invisible decay width generated by the first term.
• DM-SM interactions (neutrino portal):
The coupling of the DM fields with the n and N take the form
As emphasized above, the first term containing n L represents the leading couplings between the dark and SM sectors, which justifies our denoting this a "neutrino portal" scenario. The presence of the Ψ-Φ-n L coupling implies that whenever m Φ > m Ψ the scalar field will decay promptly into the fermion and a neutrino: 7 this model, while having a multi-component dark sector, has a single component DM relic. However, the presence of the Φ is essential for generating the leading DM-SM interactions. The DM interactions with the Z boson are induced at one loop ( fig. 1 ), yet they represent some of the leading couplings in direct detection processes. In addition, though in general they generate small corrections in the annihilation cross section, they may produce important resonant effects when m Ψ m Z /2.
Z-DM couplings
A straightforward evaluation of the diagrams in figure 1 gives (at zero external momenta)
the M N i are the diagonal entries in M N , and
The couplings (16) correspond to the dimension-6 operator (φ † ↔ (2); as argued on general grounds in [25] , they are loop-generated within the neutrino portal scenario. 
H-DM couplings
As in the case of the Z boson, the H-DM interactions are induced at one loop ( fig. 2) , and correspond to the effective operatorΨΨ|φ| 2 in (2), which is also loop-generated. Note the presence of a contribution involving the Higgs portal coupling λ x . A tedious calculation gives
where f 1 is defined in (18) . These couplings are relevant in direct detection processes and for the annihilation cross section in the resonant region m Ψ m H /2.
Quasi-degenerate heavy fermions
In the rest of the paper we will concentrate on the special case where |η| 1 and the mass states N are almost degenerate:
Then the Z-DM couplings simplify considerably:
while the Higgs-DM couplings (19) reduces to
Also, the neutrino interactions with the dark sector (15) reduce to
As a consequence, the observables of interest (the cross sections relevant for relic abundance and indirect detection calculations) will depend on λ x , η, U and z only through the two real combinations |ηU z| and λ x |z| 2 .
Electroweak constraints
The tightest restrictions on the model parameters are derived from the decays of the W and Z gauge bosons, and from the limits on the invisible decay of the Higgs boson. The constraints below are presented for the case of quasi-degenerate heavy fermions.
Z invisible decay The addition of singlet Dirac fermions N to the SM generate nonuniversal, though flavor diagonal, neutrino couplings to the Z proportional to C 2 (cf. eq. 12). In particular, the invisible Z width will be proportional to tr(C 4 ). The experimental result Γ(Z → inv) = 499.0 ± 1.5 MeV [37] for the invisible width of the Z then generates the most stringent bound on the parameters of the model:
where the heavy N are taken degenerate and η i are the diagonal elements of the diagonal matrix η. Additional constraints can be derived if Z decays involving the N singlets are kinematically allowed (a region of parameter space that we will not consider since it is disfavored by the relic abundance requirements).
W -mediated decays The charged current interactions within the leptons and the W boson are also modified (cf. eq. 13), so that the vertex involving a charged lepton e L i and a neutrino mass eigenstate n L j contains a factor (V C) ij , where i, j are flavor indices. The width of a W -mediated decay such as τ → eνν, τ → µνν and π → µν will be proportional to 1 − ∆ i where
for i = e, µ, τ (no sum over i). Using the current uncertainties we then find (at 3σ)
leading to the constraints |∆ e, µ | ≤ 0.011, that are weaker than those from (23), as figure 3 shows. Other constraints can be derived from experiments testing neutrino mixings [38, 39] , which also lead to weaker bounds on the η parameters than those in (23) .
Electroweak precision data A global fit to the electroweak precision data sets model independent limits on lepton mixings of new to SM fermions [40] . In particular, one obtains limits on individual η i that are stronger than those in (23) for the first two families, but the third one is of the same order. However, since the restrictions to our DM model depend on |ηU z| that involves an arbitrary unitary rotation, these limits will not impose further constraints. (23) and (25), respectively labeled Z and W .
Higgs invisible decay In the following we will be interested in the case where the N are heavier than the Higgs. In this case H may still decay to the DM relics, H → ΨΨ, when m Φ < m H /2, via the loop-suppressed couplings described in section 3.3. In the quasidegenerate heavy fermions approximation (21) the partial decay width is given by
Latest results from the ATLAS experiment at the LHC [41] [42] [43] report an upper bound
Numerical calculations
In its full generality the model (3) contains 20 undetermined parameters (excluding the charged lepton masses m e , the PMNS matrix V , and not including Majorana masses). In performing numerical calculations a full scan of this parameter space is time consuming, but also unnecessary if we are not interested in quantities involving the heavy N and we adopt the quasi-degenerate scenario described above. In this case the relevant parameters are the masses m Ψ , m Φ , the heavy mass scale Λ and the coupling combinations |ηU z| and λ x |z| 2 , as noted above. In practice we have chosen ∼ 2.4 × 10 8 points in the 5-dimensional parameter space {m Ψ , m Φ , Λ, |ηU z|, λ x |z| 2 } within the ranges
We analyzed two possibilities for the mass spectrum in the dark sector, a quasi-degenerate spectrum m Φ < m Ψ + 10 GeV and a non-degenerate spectrum m Φ ≥ m Ψ + 10 GeV, with m Φ > m Ψ in either case, as required in the scenario we consider. We also exclude data points incompatible with (23) and (27) . In implementing these constraints we require |z| ≤ 2, which is slightly more conservative than the limits |z i | < √ 4π, derived from tree-level unitarity 8 for each component of z, using the process ΨF → ΨF. It is worth noting that values of |ηU z| above 0.24 are excluded by the various constraints discussed above.
Relic abundance
The leading DM-SM interaction is generated by the (tree-level) exchange of the dark scalars Φ ( figure 4 ) and represent the most important reaction responsible for the equilibration between the dark and standard sectors in the early Universe. This process is produced by the Ψ-Φ-n L interaction (15), proportional to ηU z to lowest order in η. It is important to note that even if the dark scalars do not contribute to the relic abundance, their presence is essential for the viability of the model: in the absence of Φ all terms in (15) would not exist and the SM and dark sectors would decouple. 9 However, if the dark scalar is slightly heavier than the dark fermion (what we will call the quasi-degenerate case), even though it decays promptly to the dark fermion and a neutrino (15), coannihilation processes become important when computing the present density of the relic fermions since the temperature in this case at the equilibration process is higher than the difference in their masses. All of these effects are taken into account in the numerical calculations.
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The remaining relevant interaction is generated by the one-loop induced Ψ-Ψ-H coupling in (21) , and consists of the s-channel exchange of the H boson (figure 4). It produces small corrections excepting the resonant region when m Ψ m H /2. A similar interaction generated by the s-channel exchange of the Z boson is small but observable in the resonance region m Ψ m Z /2. The leading cross section for ΨΨ → νν is generated by the left diagram in figure 4 , and can be calculated using standard techniques; we include the analytic expression in appendix A. For cold relics (T < m Ψ ) the leading term in the corresponding thermal average takes the general form σv σ 0 (T /m Ψ ) n , where v ∼ T 1/2 [44] . For the present case the leading contribution has n = 0 (S-wave annihilation) with
where we summed over all final neutrino states.
The s-channel exchange of the Higgs boson and Z boson in the ΨΨ → ff annihilation process to heavier fermions (right diagrams in figure 4) are small, except in the resonant cases when m Ψ ∼ m H /2 and m Ψ ∼ m Z /2. The lowest leading dependence in velocity is of second order for the Higgs boson exchange, corresponding to a P-wave annihilation:
where N f is the color multiplicity and
While for the Z boson, the lowest leading dependence in velocity is of first order, corresponding to a S-wave annihilation:
where T 3 f is the weak isospin of f , Q f its charge, and s W the sine of the weak mixing angle.
Adopting the standard freeze-out approximation [44] , the relic abundance Ω Ψ is given by:
where M Pl denotes the Planck mass, g S , g denote, respectively, the relativistic degrees of freedom associated with the entropy and energy density, n = 0, 1 for S-wave or P-wave processes, respectively, and
with T f the freeze-out temperature. This expression for Ω Ψ can now be compared to the result inferred from CMB data obtained by the Planck experiment [3] :
Outside the resonance region, Ω Ψ is determined by the ΨΨ → νν cross section (29) , so (37) allows only a narrow region in the (m Ψ , Λ eff ) plane (see figure 5 (a) ), which is well approximated by the relation
with Λ eff defined in (29) .
We have repeated this calculation numerically for the parameter ranges (28) using the public codes MicrOmegas [45] and CALCHEP [46] . The model implementation for CALCHEP was done using the FeynRules package [47] . We obtain distinctive results for the two cases of the dark mass spectrum, the quasi-degenerate and non-degenerate scenarios. The most stringent constraints are given by the Z invisible width, which projected onto the {m Ψ , Λ eff } plane delimit the region v 
Direct detection
At present the most stringent limit on spin-independent scattering cross sections of DMnucleon particles comes from the LUX experiment [4] . In order to derive the corresponding implications for the model under study we have obtained, using MicrOmegas, the DMnucleon ΨN → ΨN cross sections in the limit where the relative velocity v → 0. In this non-relativistic limit the elastic amplitudes are divided into spin-independent interactions, generated by scalar and vector couplings, and spin-dependent interactions, generated by axial-vector couplings.
The leading interactions between the dark matter and the neutral bosons Z and H are induced at one loop, generated by the diagrams in figures 1 and 2, hence, naturally suppress- ing the interactions of the dark matter with quarks. Both axial-vector and vector and scalar couplings are proportional to |ηU z| 2 or λ x |z| 2 ln(Λ/m Φ ) in the almost degenerate heavy fermion scenario of section 4, where only the first parameter combination is affected by the relic abundance constraints (cf. eq. 29). Hence both spin-dependent and spin-independent cross sections are roughly of the same order.
The direct-detection spin-independent cross section takes the form
where A p,n denote, respectively, the amplitudes for proton and neutron scattering in units of inverse mass squared, A nucl is the atomic number, Z nucl the nuclear charge and µ red the N − Ψ reduced mass. Figure 6 shows the projection of the numerical results for xenon nuclei to the (m Ψ , σ SI ) plane in the quasi-degenerate neutral heavy-fermion scenario, together with the present bounds from LUX [4] and the expected sensitivity from XENON1T [48] . The data points correspond to parameters consistent with the relic abundance and electroweak constraints; blue and cyan refer to the non-degenerate and quasi-degenerate cases of the dark spectrum, respectively. The sharp cutoff at m Ψ ∼ 35 GeV is generated by (23) (27) ; larger DM masses (and very small cross sections) are allowed only in the quasi-degenerate case. In the vicinity of the Higgs resonance very low cross sections are also allowed; in constrast LUX excludes the Z resonance region, m Ψ ∼ m Z /2. As can be seen from this figure, there are ample regions in parameter space where all restrictions are satisfied. Figure 6 : DM-nucleon spin-independent cross sections compatible with the relic abundance and electroweak constraints for the non-degenerate (blue) and quasi-degenerate (cyan) cases. The region above the solid (dashed) lines is (will be) excluded by the LUX (XENON1T) experiments.
Indirect detection
The detection of photons, charged fermions or neutrino final states from the annihilation of DM into SM particles in a dense region of the Universe is known as indirect detection. Within the paradigm studied here neutrinos are the most abundant products; in particular, the annihilation channel gives rise to a monochromatic line in the neutrino energy spectrum from astrophysical sources, which would constitute a "smoking-gun" signal for the neutrinoportal scenario under discussion. The expected sources for these neutrino final states are galactic centers, dwarf galaxies, galactic halos, galaxy clusters, and also the cores of the Sun and Earth.
Dark matter particles in the galactic halo have a finite probability to be elastically scattered by a nucleus and become subsequently trapped in the gravitational well of an astronomical object. These DM particles will undergo subsequent scatterings, until they thermalize and concentrate at the core of the object [2] . The accumulated DM particles can then annihilate into neutrinos, or other SM particles, that can be detected, among others, in astrophysical high energy neutrino experiments. The neutrino spectrum is given by [19, 49, 50] :
where Γ ΨΨ→SM SM is the DM-DM annihilation rate, B f is the branching fraction of channel f and R is the distance from the neutrino source to the detector (Sun-Earth distance or Earth radius for neutrino annihilation in the Sun or Earth, respectively). The function (dN/dE) i is the differential energy spectrum of neutrino type i at the surface of the object expected from injection of the particles in channel f in their respective cores. Given the small DM velocities, the neutrino spectrum of the ΨΨ → νν channel in our model is essentially a delta function centered around E ν m Ψ that shows up as the above-mentioned monochromatic line in a detector.
The annihilation rate is determined by the capture rate C Ψ . When capture and annihilation processes reach equilibrium in a time scale much smaller than the age of the body, one can take Γ ΨΨ→νν C Ψ /2. The capture rate depends on the elastic scattering cross sections of the DM on nuclei in the Sun or Earth, the DM velocity dispersion and the DM local density [19] , roughly C Ψ ∝ σ ΨN × ρ DM local , where the first factor is generated at one loop by (16) and (19) .
Once produced, neutrinos will travel and interact with the detector; in their passage through the Sun, through space and finally through the Earth, neutrinos will, in general, also interact with matter and/or change its flavor (oscillate). In figure 7 we show the predicted flux of muons produced from the interaction of the neutrinos inside a water Cherenkov detector (contained flux), and the flux of muons produced from the interaction of up-going neutrinos with the rocks surrounding the detector (upward flux), as predicted by our model. We used the MicrOmegas package with a neutrino energy threshold of 1 GeV. The calculation takes into account not only the dominating process, ΨΨ → νν, but all ΨΨ → SM SM channels, and uses the tabulated neutrino spectra functions [51] taking into account effects induced by oscillation and attenuation processes (see for example [51] [52] [53] [54] [55] [56] [57] [58] ).
11 Experiments like IceCube or SuperKamiokande use the data collected from the induced-muon flux to derive stronger constraints [7, 59] on the spin-dependent cross sections for DM-proton scattering than those obtained from underground detector experiments, as a result of the hydrogenrich composition of the Sun. However these limits depend on the DM annihilation final states, which are chosen usually to be the so-called soft (bb) or hard channels (τ + τ − ) [7] ; also available are limits for the W + W − and direct neutrino production channels [60] .
The galactic halo, galactic center, galaxy clusters, dwarf galaxy satellites, and other extragalactic unresolved point-sources are also sources of DM annihilation products that may be accessible to indirect detection experiments [20, 61] . In particular, gamma rays and neutrinos produced as primary or secondary products of DM annihilation will travel essentially undisturbed through space, so the flux of these particles is proportional to the (present time) thermally-averaged, annihilation cross section of non-relativistic DM relics. For our model, neutrinos constitute the dominant flux produced by DM annihilation. The IceCube experiment measures the characteristic anisotropic flux of highly energetic neutrinos for different annihilation channels, including direct annihilation into neutrinos [8] . This experiment is sensitive to neutrino energies above 100 GeV (that also corresponds to the DM mass) which could impose further restrictions on our model if the dark scalar and dark fermion are quasi-degenerate states, otherwise other constraints require 2.3 GeV < m Ψ < 35 GeV or m Ψ ∼ m H /2. In figure 8 (right) we show the annihilation cross section of ΨΨ into neutrinos versus the DM mass m Ψ for regions in parameter space that meet the relic abundance constraints (cf. figure 5 ). There are no significant experimental constraints for neutrino final states in DM annihilation for DM masses below 100 GeV.
Our model also contains subdominant channels of DM annihilation into charged fermions, which arise from the one-loop couplings of the Ψ relics with the Z and H bosons (figures 1 and 2). Of these, the H-mediated process generates a P-wave annihilation cross section (31), and will be suppressed in the non-relativistic limit (this suppression is much less effective in the relic abundance calculation). In contrast, the Z-mediated contribution, while suppressed by small coefficients, generates an S-wave annihilation cross section whose effect on indirect detection processes need not be negligible because of the weaker dependence on the velocity. It also provides the dominant contribution to ΨΨ → bb. The H-mediated and Z-mediated cross section are given in (31) and (33) respectively. Figure 8 (left) shows the annihilation cross sections of the process ΨΨ → bb in the non-relativistic limit generated by the Z boson exchange, versus the DM mass m Ψ , with all points fulfilling the relic abundance and electroweak constraints. The recent Fermi-LAT limit [9] , obtained by searching for bb annihilation products in several dwarf galaxies having a high ratio of DM to ordinary matter, is also displayed. 
Conclusions
We have studied a specific (minimal) realization of the neutrino-portal scenario where the dark sector contains one scalar Φ and one fermion Ψ, which interact with the SM through the exchange of 3 neutral heavy Dirac fermions F. In the model, the DM interactions with the SM are loop generated, and so naturally suppressed, except for vertices containing neutrinos which are generated through mixings with the F. In particular, DM couplings to all charged SM fermions are small without any fine tuning.
The relatively large DM-neutrino couplings allow an annihilation cross section large enough to generate the expected relic density, while simultaneously obeying the directdetection constraints, because of the suppressed couplings to the Z and H. The indirect detection constraints are also easily accommodated because in this scenario the main annihilation products are neutrinos, for which the available limits are weak. It is of interest that there are two distinctive scenarios depending on the mass spectrum in the dark sector. If the dark scalars are only sightly heavier than the fermions, coannihilation processes become important in generating the freeze-out of the DM fermions, the lightest and only stable particles, and wide regions of parameter space are allowed. For the case of heavier dark scalars (non-degenerate case) the paramter space is more restricted, favoring a relatively light DM (m Ψ < 35 GeV). The main constraints on the model are generated by the Z and H invisible widths. In the case of non-degenerate dark particle states, these constraints restrict the DM mass to lie in the range 2.3 ≤ m Ψ ≤ 35 GeV or near the H resonance region m Ψ m H /2. In contrast, for quasi-degenerate dark scalars and fermions, the electroweak constraints exclude only the relatively narrow range 35 GeV ≤ m Ψ ≤ 52 GeV, except near the Z resonance. Anyway, the direct detection experiment LUX excludes the Z resonance region. Given that the DM interactions with charged fermions are suppressed, the usual collider signatures (e.g. mono-jet and mono-photon events or missing energy reactions) have suppressed rates and are beyond reach of the expected experimental sensitivity at the LHC [62] .
The cleanest signature of this scenario would be the observation of a monochromatic neutrino line, from both the Sun and the halo, with energy equal to that of the DM mass, but the experimental sensitivity would have to be significantly improved before this can be probed.
with σ H (s) = N f β Ψ β
